RESULTS
a r t i c l e s
The ubiquitin-proteasome system (UPS) adjusts cellular protein concentrations by selecting specific proteins for destruction and hydrolyzing them into small peptides. The proteasome is the protease at the center of this system and is a 2.5-MDa multi-subunit particle. Proteins are targeted to the proteasome through a two-part degradation signal or degron. The degron consists of a proteasomebinding tag, typically a polyubiquitin chain, and a disordered region at which the proteasome engages its substrate and initiates degradation [1] [2] [3] . We call this disordered region the initiation site or region. Once the substrate is properly engaged, the proteasome sequentially degrades it 4 . Many proteins are ubiquitinated but not degraded by the proteasome in cells, and ubiquitin tags serve as signals in processes such as membrane trafficking and chromatin rearrangements 2 . In some cases the proteasome likely does not recognize the ubiquitinated protein, perhaps because the ubiquitin tag is first recognized by receptors associated with a different cellular process 5 . In other cases, the proteasome may recognize a protein but fail to initiate degradation, e.g., if the protein lacks a disordered region of sufficient length at the appropriate location 6, 7 .
In this study we investigated why some proteins resist proteasomal degradation despite containing both a proteasome-binding tag and a disordered region. We first analyzed three specific proteins: the diffusible proteasome substrate receptor Rad23, the ubiquitin-conjugating enzyme Cdc34 and a fragment of huntingtin (Htt) protein that accumulates in people with Huntington's disease (HD). We propose that the proteasome is unable to initiate degradation of these proteins because it does not recognize the amino acid sequences of their disordered regions. We went on to investigate the proteasome's amino acid sequence preferences by comparing the degradation of proteins that differ only in their initiation regions. We found that degradation rates correlate with the amino acid composition of the initiation regions: the more diverse an amino acid sequence, the better it is recognized by the proteasome. The same correlation holds on a genomic scale between the half-lives of approximately 4,000 mouse proteins and the sequence of their disordered regions. We propose that the amino acid sequence composition of disordered regions fine-tunes protein halflife and that genetic mechanisms that generate diversity in sequence composition may represent a source of phenotypic variation.
consisted of the compact 17-kDa protein Escherichia coli dihydrofolate reductase (DHFR), and we targeted them to the proteasome by fusing four ubiquitin moieties in series to the proteins' N termini 3, 13 . The proteasome did not degrade the resulting ubiquitin-DHFR proteins unless we also attached a disordered tail to the C terminus of DHFR to allow the proteasome to engage its substrates and initiate degradation 3, 6, 7 . For this study, we constructed five ubiquitin-DHFR test substrates: in three of them we attached each of the Rad23 linkers to the C terminus of DHFR (Ub 4 -DHFR-L1, Ub 4 -DHFR-L2 and Ub 4 -DHFR-L3); in one we attached a 102-amino-acid-long tail derived from Saccharomyces cerevisiae cytochrome b 2 , which we knew would allow the proteasome to initiate degradation 6 (Ub 4 -DHFR-102); and in one we attached a tail, also derived from cytochrome b 2 , that is too short to function as a good initiation region 6 (Ub 4 -DHFR-15) ( Fig. 1b and Supplementary Table 1 ). We synthesized the proteins by in vitro transcription and translation in E. coli extract, and presented them to purified yeast proteasome in the presence of ATP and an ATPregenerating system. The proteasome degraded the proteins with the established initiation site (Ub 4 -DHFR-102) but not any of the proteins with Rad23 linkers (Ub 4 -DHFR-L1, Ub 4 -DHFR-L2 or Ub 4 -DHFR-L3) or the short tail (Ub 4 -DHFR-15) as initiation regions (Fig. 1b) . Thus, we concluded that some property of the Rad23 linkers prevents the proteasome from engaging the substrates and initiating degradation. This property serves as an additional mechanism protecting Rad23 from degradation.
Cdc34 lacks a good proteasomal initiation site
The amino acid composition of the Rad23 linkers are biased in the sense that some amino acids are noticeably over-represented while others are under-represented 6 . We wondered whether biased amino acid sequences occurred in other natural proteins that unexpectedly escape degradation by the proteasome. Cdc34 is a ubiquitin-conjugating enzyme (E2), and it can be ubiquitinated like many other UPSrelated proteins 14, 15 . The ubiquitin moieties attached to Cdc34 are linked through Lys48 of ubiquitin as found in bona fide proteasome degrons 16 , and Cdc34 contains a C-terminal disordered region of 130 amino acids, yet Cdc34 is not degraded. The amino acid composition of Cdc34's disordered tail is strongly biased, with 50 of the 130 amino acids in the tail being aspartate or glutamate residues. These residues are concentrated in a 99-amino-acid-long acidic region ( Fig. 2a) . We asked whether the proteasome would be able to engage Cdc34 at its acidic region and, if not, whether the acidic region would act in a dominant manner and prevent the proteasome from initiating degradation at other regions within the protein.
We first tested whether the isolated C-terminal tail of Cdc34 would allow the proteasome to initiate degradation on a model substrate in vitro. We constructed three test substrates as described above: ubiquitin DHFR without a tail (Ub 4 -DHFR), ubiquitin DHFR with a good initiation region (Ub 4 -DHFR-102) and ubiquitin DHFR with the C-terminal 86 amino acids of Cdc34 (Ub 4 -DHFR-acidic tail). We then presented them to yeast proteasome. As expected, the Ub 4 -DHFR protein without a tail remained stable, and the proteasome effectively degraded Ub 4 -DHFR-102 (refs. 3,6,7) ( Fig. 2b) . Ub 4 -DHFR-acidic tail also remained stable ( Fig. 2b) , suggesting that the Cdc34 acidic region does not allow the proteasome to initiate degradation. Next we asked whether the acidic region has a dominant effect on the stability of Cdc34 and protects it from degradation even in the presence of other sequences at which the proteasome could initiate degradation. To test this possibility, we attached two tails of different lengths and amino acid sequences to the C terminus of Cdc34 and tracked the proteins' degradation by yeast proteasome (Fig. 3a) . One tail was a 95-amino-acid sequence derived from S. cerevisiae cytochrome b 2 ; the other tail consisted of 39 amino acids and was derived from an internal region of the E. coli lac repressor 17 . We synthesized Cdc34 with and without the tails by in vitro transcription and translation in E. coli extract, purified the proteins, and induced them to autoubiquitinate by incubating them with ubiquitin, ATP and the E1 enzyme Ube1 (Fig. 3b) . Wild-type Cdc34, despite its extensive ubiquitination, remained stable when presented to purified yeast proteasome, but Cdc34 with either of the two tails was degraded ( Fig. 3a) . We concluded that the proteins were degraded by the proteasome because degradation was inhibited when we added the proteasome inhibitor MG132 or when we depleted ATP in the reaction (Supplementary Fig. 1) . Thus, the acidic region is not a dominant protective factor against proteasomal degradation in Cdc34. Instead, it appears that Cdc34 escapes degradation simply because it lacks an effective initiation region.
The acidic region in Cdc34 is characterized by a large number of aspartate and glutamate residues, and it is possible that its high negative charge density prevents proteasome binding. Thus, we tested whether sequences with differently biased amino acid compositions and without the high charge density support degradation. We constructed Cdc34 variants by attaching tails rich in asparagine residues (Cdc34-NRR) or in serine residues (Cdc34-SRR) to Cdc34's C terminus and investigated proteasomal degradation ( Fig. 3a) . Both Cdc34 variants underwent ubiquitination ( Fig. 3b) but escaped degradation, similar to wild-type Cdc34 (Fig. 3a) . Thus, Cdc34 resists degradation because the proteasome is unable to engage it effectively at its disordered region.
Cdc34 is stable in vivo due to poor proteasomal initiation
The experiments described above suggest that the amino acid sequence of the initiation region can affect proteasomal degradation in vitro. In vivo, other factors may affect the process; therefore, we monitored the stability of Cdc34 with and without tails in yeast. We added a hemagglutinin (HA) tag to the N terminus of the Cdc34 proteins described above and expressed them from a centromeric plasmid under the control of a constitutive promoter. We then monitored the accumulation of the different Cdc34 fusion proteins at steady state in mid-log phase by anti-HA western blotting (Fig. 4) .
The Cdc34 fusions accumulated at the levels we expected from the in vitro experiments. Western blotting easily detected HA-tagged wild-type Cdc34 ( Fig. 4) but barely detected the Cdc34 proteins with tails that served as proteasome initiation sites in vitro (Cdc34-95 and Cdc34-39) unless the proteasome was inhibited by MG132 ( Fig. 4) . In contrast, Cdc34-NRR accumulated to similar levels as wild-type Cdc34 (Fig. 4) . The 95-amino-acid tail did not increase the extent of detectable ubiquitination of Cdc34-95 compared with that of Cdc34 ( Supplementary Fig. 2 ). Thus, in vivo, just as in vitro, the amino acid sequence of the region in Cdc34 at which the proteasome initiates degradation affects the stability of the protein.
Proteasomal initiation of degradation on model substrates
To test whether the amino acid sequence effects are specific to Cdc34 or reflect general preferences by the proteasome for its initiation region, we again monitored degradation of the Ub 4 -DHFR model substrates, but we gave them different C-terminal initiation regions or tails ( Fig. 5a) . We tested 15 sequences derived from different proteins, most of which are not known to be involved in protein degradation by the UPS ( Supplementary Table 2 ). We synthesized radiolabeled substrates by coupled transcription and translation in E. coli extract and presented them to purified yeast proteasome, which degraded the proteins with very different rates-some proteins remained stable over the entire reaction, whereas others degraded with half-times of minutes ( Supplementary Fig. 3 ). All the tails appeared to be largely disordered, as tested by their sensitivity to a nonspecific protease and judged by CD spectrophotometry (Supplementary Fig. 4) . The degradation rates did not correlate with chemical properties of the tails such as total charge, net charge, hydrophobicity, helical propensity, disorder prediction score and side chain volume. Instead, the degradation rates appeared to correlate well with the bias of the amino acid a r t i c l e s composition of the tails (Fig. 5b) . We quantified the sequence bias with the SEG program 18, 19 . Tails with biased amino acid compositions, in which fewer amino acids were represented, received a low score, whereas tails with diverse, or complex, amino acid sequences received a higher score. We found that tails with biased amino acid compositions supported degradation poorly, whereas tails with diverse amino acid sequences supported degradation well (Fig. 5b) .
The different amino acid sequences of the initiation sites could affect degradation either at the initiation step or at the proteolysis step 6, [20] [21] [22] [23] [24] . The proteasome contains three pairs of proteolytic sites, each pair with different preferences for the amino acids preceding the cleaved peptide bond, which allows the proteasome core to hydrolyze most amino acid sequences [25] [26] [27] . To test how well the proteolytic core can digest the different tails, we activated purified yeast proteasome with 0.01% SDS to allow it to degrade peptides without ATP hydrolysis.
We synthesized peptides corresponding to the simplest regions in ten of the tails, presented them to the activated proteasome and monitored proteolysis with the amine-reactive dye fluorescamine, which detects the α-amino groups produced during hydrolysis 28, 29 (Supplementary Fig. 5) . The proteasome degraded all tails well, and the proteolysis rates did not correlate with the complexity of their amino acid composition (Supplementary Fig. 5 ). Some of the biased sequences such as those of the SRR and SP2 peptides did not allow the proteasome to initiate degradation ( Fig. 5  and Supplementary Fig. 3 ) but were digested efficiently by the proteasome in the peptide proteolysis assays (Supplementary Fig. 5) . Thus, we propose that the proteasome has pronounced preferences for the amino acid sequence at which it initiates degradation.
Amino acid sequence bias affects protein abundance globally
Protein regions with biased amino acid sequences are often disordered; however, disordered regions do not always show biased amino acid composition 30, 31 . Therefore, we asked whether amino acid sequence bias correlates with cellular protein stability globally on a genomic scale.
We previously found that mouse proteins with disordered regions longer than 30 amino acids at either the N or C terminus have shorter lifetimes than proteins without disordered tails 32 by comparing the experimentally determined half-lives of 4,502 mouse proteins 33 with predicted disorder at their N and C termini. The reason for these relationships is presumably that the proteasome requires the disordered regions to engage these proteins and initiate degradation. We have Error bars indicate s.e.m. (b) Initial degradation rates for model proteins with each peptide tail were plotted against the amino acid sequence complexity calculated by a SEG algorithm 18, 19 (sigmoidal fit, R = 0.90; linear fit, R = 0.70). The solid line is a fit of the sigmoid curve to the data. Data points represent means of n measurements, and error bars indicate s.e.m. NB, n = 4; NS2, n = 4; SNS, n = 4; SPmix, n = 4; SP1, n = 3; SP2, n = 3; GRR, n = 3; SRR, n = 3; DRR, n = 3; PEST, n = 3; RPB, n = 3; eRR, n = 3; ODC, n = 5; 35∆K, n = 6; Su9, n = 3. The amino acid sequence for the various peptides is given in Supplementary Table 2 .
npg a r t i c l e s now found that the correlation depends on the amino acid composition of the disordered regions. The half-lives of proteins whose disordered regions have biased amino acid compositions are comparable to those of proteins without disordered regions. Among proteins with N-terminal disordered regions, proteins with biased tail sequences have significantly longer half-lives than proteins with unbiased tail sequences (Wilcoxon rank-sum test, P = 2.3 × 10 −2 ; median halflife difference (∆H) = 8.1 h; Fig. 6a and Supplementary Table 3 ). This trend also holds for proteins with C-terminal disordered regions (Wilcoxon rank-sum test, P = 1.1 × 10 −3 ; ∆H = 13.4 h; Fig. 6b and Supplementary Table 3 ). The differences do not seem to be due to variable numbers of ubiquitination sites (Supplementary Fig. 6) . Thus, the proteasome's amino acid sequence preferences may be part of the genomic code that influences protein half-lives.
Biased amino acid sequences in disease
Htt, the protein associated with HD, has a strikingly biased amino acid composition, and this bias is associated with the etiology of HD. The intensity of the HD phenotype in mouse models increases with the accumulation of a protein fragment that corresponds to exon 1 of a mutated HTT gene, and most evidence suggests that HD is caused by a gain of toxic function in Htt mutants 34 . This raises the questions of why Htt accumulates in the first place and why it is not cleared from the cell. Htt and ubiquitin are colocalized in HD brain inclusions 34, 35 , and there is evidence that Htt itself is ubiquitinated [36] [37] [38] [39] .
The aggregates that accumulate in HD also contain proteasome subunits, suggesting that the proteasome attempts to degrade them 40 . Exon 1 of HTT encodes a short (17 amino acids) protein interaction domain 41 followed by a stretch of at least 23 glutamines (polyQ) and then a proline-rich region (PRR) of 50 amino acids (Fig. 7a) . We asked whether its biased amino acid composition impedes initiation of proteasomal degradation just as observed for Cdc34 and Rad23.
To test this hypothesis, we attached four ubiquitin moieties linearly to the N terminus of Htt exon 1 as a proteasome-binding tag and then presented it to yeast proteasome. The proteasome degraded ubiquitintagged Htt exon 1 protein containing 34 or 52 glutamines slowly, if at all; however, attaching a 95-amino-acid disordered tail derived from S. cerevisiae cytochrome b 2 to the protein's C terminus greatly accelerated its degradation (Fig. 7b) . Htt exon 1 protein tends to aggregate, but the differences in degradation were not caused by different aggregation states because the proteins were largely, if not completely, monomeric under the assay conditions (Supplementary Fig. 7) . We then tested how well the glutamine and proline regions of Htt exon 1 can support proteasomal initiation individually using the ubiquitin-DHFR model proteasome substrates described above. Neither the 52-amino-acid-long polyQ region (Fig. 7c) nor the PRR Figure 6 Amino acid bias in N-and C-terminal disorder stabilizes proteins in mouse cells. (a,b) Boxplots showing the distribution of protein half-lives in mouse cells 33 grouped by the length and amino acid composition of intrinsically disordered segments at the N terminus (a) and C terminus (b). Proteins were classified into short disordered (<30 amino acids are disordered; gray box), long disordered without amino acid bias (>30 amino acids; light green box) and long disordered with amino acid bias (>30 amino acids; dark green box). The vertical solid black line represents the median, and the boxes represent the first and third quartiles. The notches correspond to ~95% confidence interval for the median. Whiskers connected to the boxes by the dashed lines show the data points up to 1.5× the interquartile range from the box. Points beyond the whiskers were considered outliers and not shown. The number of data points for each group (n), differences between the half-life medians (in hours) of two compared groups (∆H) and P values indicating the significance in differences in half-life distributions are shown. Half-lives were modeled from relative abundance measurements over time 33 , but estimated stability differences between proteins were robust because the same model was applied to all proteins. Statistical significance of differences was assessed using the Wilcoxon rank-sum test, which is nonparametric and thus does not assume any particular property of the distribution of the data. In vitro degradation of model proteins by purified S. cerevisiae proteasome. The proteins were targeted to the proteasome by four ubiquitin moieties fused in series to the N termini of the different constructs. The extent of degradation was plotted as the percentage of protein remaining at different times. 52Q, 52 glutamine residues; 34Q, 34 glutamine residues. (b) Degradation of Htt exon 1. The ubiquitin tag was followed by the protein sequence corresponding to Htt exon 1 with 34 or 52 residues in the glutamine repeat regions. 34Q~95 or 52Q~95, Htt exon 1 with 34 or 52 glutamine residues followed by a 95-aminoacid-long C-terminal tail derived from S. cerevisiae cytochrome b 2 . (c) Degradation of the glutamine repeat region of Htt exon 1. The ubiquitin tag was followed by an E. coli DHFR domain and one of three different tails. DHFR~50, DHFR followed by a 50-amino-acid-long tail derived from S. cerevisiae cytochrome b 2 . Proteins with the glutamine repeat regions in b and c remained soluble under the experimental conditions as judged by size exclusion chromatography ( Supplementary  Fig. 7) . Fig. 7d) allowed the proteasome to initiate degradation. In contrast, the proteasome rapidly degraded the constructs when we attached a 95-amino-acid-long disordered tail after the polyQ region or PRR (Fig. 7c,d) . The proteasome also degraded the constructs when we replaced the polyQ region or PRR with a complex (i.e., unbiased) sequence of similar length (a 50-amino-acid sequence derived from S. cerevisiae cytochrome b 2 ), showing that 50-amino-acid tails are, in principle, able to support degradation. Again, the glutamine-containing substrates remained soluble in these assays and did not aggregate (Supplementary Fig. 7) . Thus, it appears that the amino acid sequence of Htt exon 1 is a poor initiation site for the proteasome.
DISCUSSION
Most proteins are targeted to the proteasome by a ubiquitin tag, and their degradation also requires an unstructured or disordered region in the substrate, which we call the initiation site or region, and at which the proteasome engages its substrate and initiates degradation 1 . This region has to be located near the ubiquitin tag on the substrate 7 , and it has to be long enough to allow the substrate to access the proteasome's degradation machinery 6 . Here we propose that the amino acid sequence of the initiation region also affects degradation and that the proteasome has distinct preferences for the site at which it engages and binds its substrate to initiate degradation. In particular, it seems that the proteasome can engage proteins inefficiently at polypeptide sequences with biased amino acid compositions and that very biased sequences can escape proteasomal initiation entirely.
Researchers first discovered that amino acid repeat sequences are associated with unexpected stability in the Epstein-Barr virus protein EBNA1 (ref. 22 ). Epstein-Barr virus infects B lymphocytes and forms stable episomes whose maintenance requires the virally encoded protein EBNA1 (ref. 42) , which is protected from proteasomal degradation by glycine-alanine repeats 20, 22, 23, 43 . Biased amino acid sequences also reduce the processivity of the proteasome and cause the production of partially degraded protein fragments by stalling the progression of the proteasome along its substrate 21, 24, 44, 45 , but the molecular mechanism of these effects is not known. How can biased amino acid sequences impede substrate engagement by the proteasome? One possibility is that amino acid composition is directly related to the binding affinity of the initiation region to the proteasome. Because the proteasome must bind and degrade many different substrates, it is likely that the proteasome's receptor for the initiation regions recognizes several patterns of chemical features (hydrophobicity, charge, etc.) that are complementary to the receptor surface rather than one strict consensus sequence (Fig. 8a) . A diverse set of sequences would then be able to bind the receptor well enough to serve as initiation sites for the proteasome. In other words, the threshold for serving as a good initiation sequence would be achieved by partial matches between the receptor surface and the initiation site sequence (Fig. 8b) . Under these circumstances, the likelihood of an amino acid sequence binding to the proteasome above any given threshold would correlate with the complexity of the sequence: biased sequences would be less likely to satisfy the required interactions with the receptor surface than complex sequences. Thus, the correlation between initiation of degradation and sequence complexity could reflect specific sequencebinding preferences by the proteasome.
A second possibility is that amino acid composition affects the structure and compactness of the initiation site and thus its ability to reach its receptor on the proteasome. Disordered polypeptide sequences adopt a diverse set of conformations that are in equilibrium with each other. Amino acid composition affects the conformational ensemble [46] [47] [48] [49] and may therefore affect the ability of an initiation region to reach its receptor on the proteasome (Fig. 8c ).
Our biochemical experiments tested only 15 different sequences, so the relationship between amino acid sequence composition and degradation cannot be extrapolated to make general predictions. Nevertheless, the relationship is reflected in the three different natural proteins we investigated. In all three proteins, the disordered regions that are available as proteasome initiation sites have biased amino acid sequences. Interestingly, inspection of the linker regions in the UbL-UBA proteins suggests that the property of bias is conserved between UbL-UBA proteins but that the nature of the bias is not: different amino acids are over-represented in different linkers and in different UbL-UBA proteins 50 . Even more strikingly, the stability of soluble proteins in mouse cells correlates with the amino acid sequence complexity in the disordered regions in these proteins. Thus, the proteasome's amino acid sequence preferences seem to globally fine-tune protein turnover. Disordered regions in proteins typically evolve more rapidly and with fewer restraints than the regions that form folded domains 51 , presumably because changes in disordered regions are less likely to affect the structure of a folded region and hence the molecular function mediated by the folded domain. Therefore, evolving the sequence composition of a disordered region of a protein provides a simple genetic mechanism to change protein levels without directly affecting the molecular function of a protein.
For any one specific protein, its stability will depend on the relationship between the ubiquitin modifications and initiation region. For example, in the UbL-UBA protein Rad23, the three linkers connecting UbL and UBA represent the only possible initiation regions for the npg a r t i c l e s proteasome. The amino acid compositions of the linkers are clearly biased, so it is straightforward to relate sequence composition to degradation by the proteasome. In other proteins, only one particular stretch of their disordered regions may have a biased amino acid composition, and therefore the proteasome can initiate degradation elsewhere within the protein. Thus, to be able to predict the effect of biased sequences on protein degradation more broadly, we need to understand where proteins are ubiquitinated and where exactly the proteasome initiates degradation relative to the ubiquitination site.
It is also possible that mechanisms exist to create disordered regions throughout proteins, e.g., when ubiquitination of a folded domain leads to its unfolding 52 . Finally, it is quite possible that accessory factors such as Cdc48 (p97) make the proteasome less dependent on the presence of initiation regions for degradation 53, 54 . The proteasome's struggle to initiate degradation at biased amino acid sequences may contribute to the accumulation of some proteins that form aggregates associated with neurodegenerative diseases. We have found that, at least in vitro, the proteasome struggles to initiate degradation of the Htt fragment that accumulates in HD. Proteins related to other neurodegenerative diseases also carry abnormal glutamine repeats in their disease-associated forms 55 . Examples are atrophin-1, which is associated with dentatorubropallidoluysian atrophy; androgen receptor, which is associated with spinobulbar muscular atrophy; and ataxin proteins, which are associated with spinocerebellar ataxia. The neuronal aggregates of these proteins contain ubiquitin, yet the proteasome apparently fails to degrade them 54 . Similarly, tau protein forms aggregates called neurofibrillary tangles in neurons of people with Alzheimer's disease, and the protein in the tangles is ubiquitinated 56, 57 . Tau protein contains long stretches largely made up of five amino acids; thus, it is possible that tau accumulates because the proteasome struggles to initiate degradation at the repeat sequences.
The Htt exon 1 fragment is made up almost entirely of glutamine and proline repeats, and therefore no other sequences are available for proteasomal initiation. However, this is not the case for the other proteins listed. To know if and how the initiation site sequence contributes to their stability, it will be necessary to map the ubiquitination sites and determine how the proteasome selects its initiation sites. Other mechanisms likely contribute to the failure of proteasome degradation 45, [58] [59] [60] [61] , and different mechanisms of Htt accumulation can demand opposing therapeutic strategies. If Htt is not recognized by the proteasome, interventions that enhance the interaction between the two are needed. Indeed, enhancing proteasome activity can reduce the accumulation of disease-associated protein aggregates 62, 63 . On the other hand, if Htt clogs the proteasome, it may be beneficial to weaken the interaction. Thus, it will be important to determine which mechanism is physiologically relevant.
In summary, we found that the proteasome has pronounced preferences for the amino acid sequence of the substrate at the site at which it initiates degradation. These preferences affect substrate selection and may represent a second component of the proteasome-targeting code superimposed on the ubiquitination code. Amino acid sequence variation within disordered regions can affect cellular protein half-life without directly affecting molecular function and may be a general genetic mechanism that has implications in linking genotype to phenotype.
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